When eggs are stored beyond 7 d, hatchability and chick quality decrease. The cause of the negative effects of prolonged egg storage is not clear. The negative effects may be caused by a decrease in embryo viability due to an increase in cell death. The optimal time and curve of preincubation warming (the preincubation warming profile) may be different for eggs stored over short and long periods of time because embryo viability is dependent on egg storage time. The aim of this study was to investigate whether preincubation warming profiles affect embryonic development, hatchability, and chick quality when eggs are stored for a short or prolonged time. Two experiments were conducted. In both experiments, a 2 × 2 completely randomized design was used with 2 storage times (4 and 14 d at 17°C in experiment I and 4 and 13 d at 19°C in experiment II) and 2 preincubation warming profiles (within 4 or 24 h from storage temperature to 37.8°C). In experiment I, results suggested that the effect of pre-
incubation warming profile on hatchability was dependent on storage time. However, because a low number of eggs were used in this experiment, these differences were not significant. In experiment II, the interaction between storage time and preincubation warming profile was observed for embryonic mortality during the first 2 d of incubation and hatchability (P = 0.006 and P = 0.01, respectively). When storage time was 13 d, embryonic mortality during the first 2 d of incubation decreased by 4.4% and hatchability increased by 5.7% when the 24-h preincubation warming profile was used instead of the 4-h preincubation warming profile. However, no effect of preincubation warming profile was observed when storage time was 4 d. In both experiments, chick quality decreased when storage time increased but was not affected by preincubation warming profile. We concluded that a slow preincubation warming profile is beneficial for hatchability when storage time is prolonged but does not affect chick quality.
INTRODUCTION
Due to variable market demand for 1-d-old chicks in the poultry industry and the maximum hatchery capacity, the total length of egg storage varies between a few days and several weeks. Egg storage beyond 7 d is associated with a delay in hatch time (Mather and Laughlin, 1976) , a decline in hatchability (Becker, 1964; Fasenko et al., 2001; Tona et al., 2004) , and a decline in chick quality (Tona et al., 2003 (Tona et al., , 2004 . Tona et al. (2003) determined the negative effects of prolonged egg storage on chick quality in terms of physical parameters on the day of hatch such as appearance, activity, and quality of the navel area (Willemsen et al., 2008) and they also measured relative growth during the first week of life. Tona et al. (2004) determined the negative effects of prolonged egg storage on chick quality in terms of weekly BW until the slaughter age. Parameters such as appearance, activity, and quality of the navel area are often used in a commercial hatchery to identify second-grade chicks (unsalable chicks) on the day of hatch. Besides BW and other physical parameters used by Tona et al. (2003) , it is also possible to determine the negative effect of prolonged egg storage on chick quality on the day of hatch with a quantitative method, such as yolk-free body mass (Wolanski et al., 2004; Lourens et al., 2005) or chick length (Hill, 2001; Wolanski et al., 2004; Molenaar et al., 2008) .
Negative effects of prolonged egg storage on hatchability and chick quality vary with breeder flock age. Yassin et al. (2008) showed that prolonged egg storage (8 to 14 d at the hatchery) decreased hatchability in the eggs of young breeders (25 to 30 wk) more than in eggs of old breeders (51 to 60 wk) (0.8 vs. 0.4% per storage day). However, Meijerhof et al. (1994) , Elibol et al. (2002) , and Tona et al. (2004) showed that the decrease in hatchability was higher for old breeders (59, 52-53, and 45 wk, respectively) than for young breeders (37, 31-30, and 35 wk, respectively) . These results are difficult to explain because the source for the negative effects of prolonged egg storage is not clear. Negative effects may be caused by changes in the embryo, egg characteristics, or both . To prevent changes in the embryo, eggs are normally stored below the temperature at which embryonic development continues. Edwards (1902) reported that this temperature is below 20 to 21°C, whereas Funk and Biellier (1944) suggested that this temperature is below 27°C.
At the onset of incubation, eggs need to be warmed from the storage temperature to the incubation temperature. The preincubation warming profile is the time and curve used to increase the internal egg temperature from the storage temperature to the incubation temperature. Slow preincubation warming prevents condensation on eggs at the onset of incubation, but the effects of the preincubation warming profile on embryo viability are unknown. Some authors have suggested that it is beneficial to warm eggs quickly to the incubation temperature (Wilson, 1991; Renema et al., 2006 ) because a prolonged time at a temperature below 35°C may increase embryonic mortality or abnormal embryonic development (Wilson, 1991; Renema et al., 2006) . On the other hand, Hodgetts (1999) suggested that eggs should be warmed slowly to reduce a temperature shock to the embryos. The optimal preincubation warming profile may be different for eggs stored for short and long periods of time. Although eggs are stored at a temperature below 20°C, embryo viability declines during egg storage likely due to cell death (Arora and Kosin, 1968; Bloom et al., 1998) . It is possible that the increase in cell death over time leads to stored embryos that have less viable cells left at onset of incubation than nonstored embryos. Embryos that contain less viable cells at the onset of incubation may be more sensitive to nonoptimal preincubation warming profiles. The aim of this study was to investigate whether preincubation warming profiles affect embryonic development, hatchability, and chick quality on the day of hatch when eggs are stored for a short or prolonged time.
MATERIALS AND METHODS

Experimental Design
Two experiments were conducted. Experiment I was a randomized complete block design, with 3 comparable batches as a block. Each block had a 2 × 2 completely randomized design that included 2 storage times (4 and 14 d) and 2 preincubation warming profiles (within 4 or 24 h from 17 to 37.8°C). Experiment II was a 2 × 2 completely randomized design that included 2 storage times (4 and 13 d) and 2 preincubation warming profiles (within 4 or 24 h from 19 to 37.8°C). The Institutional Animal Care and Use Committee of Wageningen University approved experiment I. Experiment II was conducted under practical circumstances in a commercial hatchery.
Breeder Flock
For the 2 experiments, 2 different Ross 308 broiler breeder flocks were used. Birds were fed restricted diets according to standard Ross guidelines. In experiment I, the age of the breeder flock varied from 41 wk in batch 1 to 50 wk in batch 3. The male:female ratio was 1:11. The light schedule included 16 h of light and 8 h of darkness. The lights were off between 2000 and 0400 h. In experiment II, the age of the breeder flock varied between 28 to 29 wk. The male:female ratio was 1:8. The light schedule included 15 h of light and 9 h of darkness. The lights were off between 1600 and 0100 h.
Egg Collection and Egg Storage
The day before egg collection, all eggs were cleared from the nests before darkness. In experiment I, eggs were collected between 0400 and 0800 h, 4 or 14 d before setting (n = 865). Eggs were stored on paper trays at a temperature between 16 and 18°C. In experiment II, eggs were collected between 0830 and 1000 h, 4 or 13 d before setting (n = 8,400). Eggs were stored on setter trays at a temperature between 18 and 20°C. In both experiments, the RH in the storage room was not measured and not controlled. In experiment I, the weight of the egg and the stage of embryonic development were measured at egg collection and on the last day of storage.
Egg Weight and Egg Weight Loss. In experiment I, all eggs were weighed individually at egg collection and on the last day of storage. Egg weight loss that occurred between egg collection and the last day of storage was expressed as a percentage of fresh egg weight.
Embryonic Development. In experiment I, the stage of embryonic development was determined in 10 to 15 eggs per batch and storage time on the day of egg collection and on the last day of storage. The filter ring technique, as described by Gupta and Bakst (1993) , was used to isolate the embryo from the yolk membrane. After isolation, the embryo was flushed with buffered saline to remove yolk residue. The dorsal and ventral side of the embryo were examined with a stereomicroscope (Olympus SZ61, Olympus Nederland B.V., Zoeterwoude, the Netherlands) to determine the stage of embryonic development according to the classification table of Eyal-Giladi and Kochav (1976) . This classification table measures embryonic development on the basis of morphogenetic movements on the surface of the embryo (Fasenko et al., 1992) .
Preincubation Warming Profiles
At the onset of incubation, 2 preincubation warming profiles were used to warm eggs from the storage temperature to an internal egg temperature of 37.8°C.
1. Preincubation warming from storage temperature to 37.8°C was conducted in a setter (HatchTech-4,800, HatchTech Incubation Technology B.V., Veenendaal, the Netherlands) in about 4 h. Air velocity was maintained at 0.6 m/s and eggs were turned 90° every 10 min. This treatment is called the 4-h preincubation warming profile. 2. Preincubation warming from the storage temperature to 37.8°C was conducted in a setter (HatchTech-4,800, HatchTech Incubation Technology B.V.) in about 24 h. Within the first 12 h, the internal egg temperature increased from storage temperature to 28°C. Within the second 12 h, the internal egg temperature increased from 28 to 37.8°C. Air velocity was maintained at 0.3 m/s and eggs were turned 90° every 10 min. This treatment is called the 24-h preincubation warming profile.
During preincubation warming, the internal egg temperature was measured in 2 eggs per storage time and preincubation warming profile. A temperature sensor (NTC Thermistors, type DC 95, Thermometrics, Somerset, UK) was inserted 15 mm into the egg through a hole 3 mm in diameter in the eggshell on the side of the air cell. Eggs that were used to measure the internal egg temperature were excluded from the experiment at the end of preincubation warming.
To start the incubation process of all treatments at the same time, preincubation warming of the 24-h preincubation warming profile began about 20 h earlier than preincubation warming of the 4-h preincubation warming profile. Preincubation warming ended and incubation began when the internal egg temperature of all treatments reached 37.8°C (after about 24 and 4 h).
Incubation
Eggs of both preincubation warming profiles were incubated separately. Two setters (HatchTech-4,800, HatchTech Incubation Technology B.V.) were used and contained eggs from both 4 and 14 or 13 d of storage. In experiment I, about 75 eggs were distributed over 1 setter tray, which can hold 150 eggs. Between each egg, an empty space was included. Per batch, 3 setter trays were used per setter and eggs from 4 and 14 d of storage were mixed. Because eggs of different storage times were mixed, it was impossible to use the tray as the smallest experimental unit. Thus, the egg was the smallest experimental unit in experiment I. In experiment II, 56 setter trays filled with 150 eggs each were used. Each setter tray contained eggs of 1 storage time. Therefore, the setter tray could be used as the smallest experimental unit in experiment II. In both experiments, the eggshell temperature of 2 eggs per storage time was measured (4 eggs per setter) with a temperature sensor (NTC Thermistors, type DC 95, Thermometrics) in each setter. Heat-conducting paste (Dow Corning 340 Heat Sink Compound, Dow Corning GmbH, Wiesbaden, Germany) and a piece of tape were used to attach the sensor to the egg's equator. Eggshell temperature was maintained at 38.1°C from d 0 to 8 of incubation, at 37.9°C from d 8 to 12 of incubation, and at 37.6°C from d 12 to 18 of incubation, to reach an average internal egg temperature of 37.8°C. Extra eggs were used to determine whether the internal egg temperature was equal to 37.8°C. These extra eggs were excluded from the experiment. Relative humidity varied between 50 and 60% and the inlet and outlet valve of the setter were controlled to keep CO 2 levels below 0.35%. Eggs were turned 90° every hour until d 18 of incubation.
In experiment I, all eggs that contained a living embryo were individually placed in hatching boxes (10 × 10 cm), which were placed in 1 hatcher (HatchTech-4,800, HatchTech Incubation Technology B.V.) at d 18 of incubation. In experiment II, eggs of 1 setter tray that contained a living embryo were transferred to hatcher baskets. One setter tray was split into 2 equal halves and eggs in each half were transferred to 1 hatcher basket. Two hatchers were used (HatchTech-4,800, HatchTech Incubation Technology B.V.) and the eggs of 1 setter tray were placed in the same hatcher. In both experiments, the hatcher temperature was set at 36.7°C. Relative humidity varied between 50 and 55% and the inlet and outlet valve of the hatcher were controlled to keep CO 2 levels below 0.35%. In experiment I, egg weight loss, extraembryonic membrane development, embryonic development, embryonic mortality, hatchability, incubation duration, and chick quality on the day of hatch were measured and in experiment II, embryonic mortality, hatchability, and chick quality on the day of hatch were measured.
Egg Weight Loss. In experiment I, all eggs were weighed individually at d 18 of incubation. Egg weight loss that occurred between the last day of storage and d 18 of incubation was expressed as a percentage of the egg weight on the last day of storage. Total egg weight loss was the sum of egg weight losses during storage and incubation.
Extraembryonic Membrane and Embryonic Development. In experiment I, extraembryonic membrane development and embryonic development were measured at d 7 of incubation. Per batch, 13 eggs per storage time and preincubation warming profile were taken from the setter to measure the wet weight of the allantois, amnion, and embryo and to measure the embryo length and the stage of embryonic development. Eggs were carefully opened at the sharp end of the egg and the content of the eggshell was emptied into a Petri dish. Yolk membrane was dissected from the allantois, amnion, and embryo. Next, the total weight of the allantois, amnion, and embryo was measured. The allantois was dissected from the amnion and embryo and the total weight of the amnion and embryo was measured. The amnion was dissected from the embryo and the embryo weight was measured. The embryo weight was subtracted from the total weight of the amnion and embryo to calculate the amnion weight. Total weight of amnion and embryo was subtracted from the total weight of the allantois, amnion, and embryo to calculate the allantois weight.
The length of the embryo was defined as the length from the tip of the beak to the tip of the middle toe. The dorsal and ventral side of the embryo were examined with a stereomicroscope (Olympus SZ61, Olympus Nederland B.V.) to determine the stage of embryonic development according to the classification table of Hamburger and Hamilton (1951) . This classification table measures embryonic development on the basis of external factors such as the number of somite pairs; changes in the wings, legs, visceral arches, feather germs, and eyelids; and the length of the beak and toes.
Embryonic Mortality and Hatchability. In both experiments, eggs were candled at d 8 and 18 of incubation. After 522 h of incubation, all unhatched eggs were collected. Clear eggs, which were removed during candling, and unhatched eggs were opened to macroscopically determine infertility or the stage of embryonic mortality. Because fertility was determined macroscopically, it is possible that an embryo that died during storage was classified as an infertile egg. Stages of embryonic mortality described by Reijrink et al. (2009) were used to classify dead embryos. Fertility was calculated as a percentage of set eggs. Hatchability was calculated as a percentage of set eggs and as a percentage of fertile eggs. Embryonic mortality was calculated as a percentage of fertile eggs. In experiment I, embryonic mortality was divided into 3 categories: embryonic mortality from d 0 to 9, from d 10 to 17, and from d 18 to 21.
Incubation Duration and Chick Quality. In experiment I, hatch time and chick quality of each individual chick were measured. From d 19.5 of incubation and onward, chicks that emerged from the eggshell were recorded individually every 2 h to calculate incubation duration. Incubation duration is defined as the elapsed time from the end of preincubation warming until the chick emerged from the eggshell. For each treatment, the time required to hatch the first 50% of all hatched chicks was calculated from the time the first chick hatched until the time when more than 50% of all chicks hatched. The time required to hatch the last 50% of all hatched chicks was calculated from the time more than 50% of all chicks hatched until the time the last chick hatched.
Twelve hours after each individual chick emerged from the eggshell, chick quality was measured in terms of rectal temperature, BW, chick length, navel qual-ity, residual yolk weight, heart weight, liver weight, stomach weight, and intestine weight. Chick length was defined as the length from the tip of the beak to the implantation of the nail on the middle toe (Hill, 2001; Willemsen et al., 2008) . Rectal temperature was measured with a digital thermometer (VT 1831, Microlife Veterinary Thermometer, Microlife, Widnau, Switzerland) inserted 1 cm into the cloaca. Navel quality was analyzed and given a score of 1 if the navel was completely closed and clean; a score of 2 if the navel was discolored (color different from skin color) or opened to a maximum of 2 mm, or both; and a score of 3 was given if the navel was discolored or opened more than 2 mm, or both. After rectal temperature, BW, chick length, and navel quality were measured; chicks were killed by CO 2 to measure the residual yolk and organ weights. Residual yolk weight was subtracted from BW to calculate yolk-free body mass.
In experiment II, all hatched chicks were divided into first-and second-grade chicks based on physical parameters. A chick was classified as a first-grade chick if the chick was clean, dry, free of deformities or lesions, had bright eyes (Tona et al., 2004) , and if the chick was given a navel score of 1 or 2. Other chicks were classified as second-grade chicks. The percentage of secondgrade chicks was calculated as a percentage of total chicks hatched.
Statistical Analysis
Distributions of the means and residuals were examined to check model assumptions. In experiment I, the duration of the 2 preincubation warming profiles were analyzed using generalized linear regression (PROC GLM, SAS Institute, 2004) with the preincubation warming profile as the class variable. Percentage of egg weight loss during storage and egg weight loss per storage day were analyzed using generalized linear regression (PROC GLM, SAS Institute, 2004) with batch, storage time, and their interaction as class variables. A log transformation was conducted for egg weight loss during storage and egg weight loss per storage day to obtain normal distributed data. The stage of embryonic development at egg collection and on the last day of storage was analyzed using logistic regression analysis (PROC LOGISTIC, SAS Institute, 2004) with day of analysis, storage duration, and their interaction as class variables. The rest of the data from experiment I was analyzed as a 3 × 2 × 2 randomized complete block design with 3 batches (block), 2 storage times, and 2 preincubation warming profiles. Egg or chick was the smallest experimental unit. Fresh egg weight, egg weight loss during incubation, total egg weight loss, allantois weight, amnion weight, embryo weight, embryo length, incubation duration, BW, chick length, yolk-free body mass, rectal temperature, and organ weights were analyzed using generalized linear regression (PROC GLM, SAS Institute, 2004) with batch, storage time, preincubation warming profile, and their interactions as class variables. A log transformation was conducted for egg weight loss during incubation and total egg weight loss to obtain normal distributed data. Fresh egg weight was introduced as a covariate when embryo weight at d 7 and embryo length at d 7 were analyzed. Embryo weight at d 7 of incubation was introduced as a covariate when allantois weight and amnion weight were analyzed. Fresh egg weight was introduced as a covariate when BW, chick length, and yolk-free body mass were analyzed. Yolk-free body mass was introduced as a covariate when organ weights were analyzed. Values are expressed as least squares means ± SEM. Least squares means were compared using the Bonferroni adjustment for multiple comparisons. All main factors and interactions were analyzed for significance at the P ≤ 0.05 level. Except for the storage time and preincubation warming profile interaction, all interactions were excluded stepwise from the model when P > 0.05.
In experiment I, a generalized linear regression could not be used to analyze hatchability data because the egg was the smallest experimental unit. Fertility, hatchability, embryonic mortality, the stage of embryonic development at d 7 of incubation, and navel quality were analyzed using logistic regression analysis (PROC LOGISTIC, SAS Institute, 2004) with batch, storage time, preincubation warming profile, and their interactions as class variables. All of the main factors and interactions were analyzed for significance at the P ≤ 0.05 level. Except for the storage time and preincubation warming profile interaction, all interactions were excluded stepwise from the model when P > 0.05.
Data from experiment II were analyzed as a 2 × 2 completely randomized design with 2 storage times and 2 preincubation warming profiles. A setter tray containing 150 eggs was the smallest experimental unit. Fertility, hatchability, embryonic mortality, and the percentage of second-grade chicks were analyzed using generalized linear regression (PROC GLM, SAS Institute, 2004) with storage time, preincubation warming profile, and their interaction as class variables. An arc-sine transformation was conducted for embryonic mortality at d 10 to 17 of incubation to obtain normal distributed data. Main factors and interactions were analyzed for significance at the P ≤ 0.05 level. Least squares means were compared using the Bonferroni adjustment for multiple comparisons. Values are expressed as least squares means ± SEM.
RESULTS
Embryonic Development at Egg Collection and the Last Day of Storage
In experiment I, no interaction was found between day of analysis and storage time ( Table 1) . Day of analysis and storage time did not affect the stage of embryonic development (P = 0.28 and P = 0.51, respectively).
Preincubation Warming Profiles
In experiment I, preincubation warming duration of the 4-h preincubation warming profile was 4 h and 22 min (±43 min, SD). Preincubation warming duration of the 24-h preincubation warming profile was 23 h and 53 min (±38 min, SD). The preincubation warming profiles differed (P < 0.001; Figure 1 ). In experiment II, preincubation warming duration of the 4-h preincubation warming profile was 4 h and 8 min and preincubation warming duration of the 24-h preincubation warming profile was 23 h and 26 min.
Egg Weight and Egg Weight Loss
In experiment I, no interaction between storage time and preincubation warming profile was observed for fresh egg weight, egg weight loss during incubation, and total egg weight loss (Table 2) . Fresh egg weight did not differ between the 2 storage days. Eggs stored for 4 d lost 0.53% less weight during storage than eggs stored for 14 d (P < 0.001). Eggs stored for 4 d lost 0.01% more weight per storage day than eggs stored for 14 d (P < 0.001). Storage time did not affect egg weight loss during incubation. Total egg weight loss was 0.42% lower for eggs stored for 4 d than for eggs stored for 14 d (P = 0.03). Fresh egg weight did not differ between the 2 preincubation warming profiles. Egg weight loss during incubation and total egg weight loss were lower for the 4-h preincubation warming profile than for the 24-h preincubation warming profile (P < 0.001 and P < 0.001, respectively).
Extraembryonic Membrane and Embryonic Development
In experiment I, no interaction between storage time and preincubation warming profile was observed for allantois weight and amnion weight (Table 3) . Storage time did not affect allantois weight and amnion weight. Amnion weight was 0.18 g higher for the 4-h preincubation warming profile than for the 24-h preincubation warming profile (P = 0.05). The preincubation warming profile did not affect allantois weight.
An interaction between storage time and preincubation warming profile was observed for embryo weight (P = 0.05) and embryo length (P = 0.03). Eggs stored for 4 d and warmed with a 24-h preincubation warming profile had a higher embryo weight than embryos of the other treatments. Eggs stored for 4 d and warmed with the 4-h preincubation warming profile had the same embryo weight as eggs stored for 14 d and warmed with the 24-h preincubation warming profile. Embryos of these 2 treatments had a higher weight than embryos of the 14-d storage time and 4-h preincubation warming profile. These differences between treatments were also observed in embryo length, except that embryos of the 14-d storage time and 24-h preincubation warming profile were as long as embryos of the 4-d storage time and 24-h preincubation warming profile.
No interaction between storage time and preincubation warming profile was observed for the stage of embryonic development. Embryos stored for 4 d were more developed than embryos stored for 14 d (P < 0.001). Embryos of the 24-h preincubation warming profile were more developed than embryos of the 4-h preincubation warming profile (P < 0.001).
Incubation Duration
No interaction between storage time and preincubation warming profile was observed for incubation duration. Within the same preincubation warming profile, chicks from the 4-d storage time hatched earlier than chicks from the 14-d storage time (Figure 2) . Chicks from the 4-d storage time hatched after 486.3 h of incubation and chicks from the 14-d storage time hatched after 493.8 h of incubation (P < 0.001). Chicks from the 24-h preincubation warming profile hatched after 486.7 h of incubation and chicks from the 4-h preincubation warming profile hatched after 493.4 h of incubation (P < 0.001).
The time required to hatch the first 50% of all hatched chicks was 16 h for the 4-d storage time and 4-h preincubation warming profile, 4-d storage time and 24-h preincubation warming profile, and 14-d storage time and 4-h preincubation warming profile. The time required to hatch the first 50% of all hatched chicks was 18 h for the 14-d storage time and 24-h preincubation warming profile. The time required to hatch the last 50% of all hatched chicks was 22 h for the 4-d storage time and 4-h preincubation warming profile, 24 h for 14-d storage time and 4-h pre-incubation warming profile and 14-d storage time and 24-h preincubation warming profile, and 32 h for 4-d storage time and 24-h 
Fertility and Hatchability
In experiment I, no interaction between storage time and preincubation warming profile was observed for Hamburger and Hamilton (1951) . 4 Percentage of embryos at each stage of development (total percentage per row is 100%). 5 Distributions among developmental stages differed between storage time (P ≤ 0.05) and between preincubation warming profiles (P ≤ 0.05). fertility, hatchability of set eggs, hatchability of fertile eggs, and embryonic mortality during incubation (Table 4). Neither storage time nor preincubation warming profile affected fertility, hatchability of set eggs, hatchability of fertile eggs, and embryonic mortality during incubation.
In experiment II, an interaction between storage time and preincubation warming profile was observed for hatchability of fertile eggs (P = 0.01) and embryonic mortality during the first 2 d of incubation (P = 0.006; Table 5 ). Hatchability of fertile eggs was 5.7% higher for the 24-h preincubation warming profile than for the 4-h preincubation warming profile when storage time was 13 d, whereas the preincubation warming profile did not affect the hatchability of fertile eggs when storage time was 4 d. Embryonic mortality during the first 2 d of incubation was 4.4% lower for the 24-h preincubation warming profile than for the 4-h preincubation warming profile when storage time was 13 d, whereas the preincubation warming profile did not affect embryonic mortality during the first 2 d of incubation when storage time was 4 d. When storage time increased, fertility decreased by 2.4% (P < 0.001), hatchability of set eggs decreased by 18.1% (P < 0.001), embryonic mortality at d 3 of incubation increased by 1.9% (P < 0.001), embryonic mortality from d 4 to 9 of incubation increased by 1.5% (P < 0.001), embryonic mortality from d 10 to 17 of incubation increased by 0.4% (P = 0.01), and embryonic mortality from d 18 to 19 of incubation increased by 0.8% (P < 0.001). Embryonic mortality at d 21 of incubation decreased by 0.2% (P = 0.04). Hatchability of set eggs was 2.2% higher (P = 0.04), and embryonic mortality at d 20 of incubation was 0.7% lower for the 24-h preincubation warming profile than for the 4-h preincubation warming profile (P < 0.001).
Chick Quality
In experiment I, no interaction between storage time and preincubation warming profile was observed for BW, chick length, yolk-free body mass, navel quality, rectal temperature, and organ weights ( Table 6 ). Chicks of the 4-d storage time were 0.1 cm longer (P < 0.001) and had 0.5 more grams of yolk-free body mass (P = 0.004) than chicks of the 14-d storage time. Storage time did not affect other chick quality variables. The rectal temperature of chicks of the 24-h preincubation warming profile was 0.1°C lower than the rectal temperature of chicks of the 4-h preincubation warming profile (P = 0.02). The preincubation warming profile did not affect other chick quality variables.
In experiment II, no interaction between storage time and preincubation warming profile was observed for the percentage of second-grade chicks ( Table 5 ). The percentage of second-grade chicks was 0.6% higher when storage time was 13 d than when storage time was 4 d (P = 0.02). The preincubation warming profile did not affect the percentage of second-grade chicks.
DISCUSSION
In experiment I of the current study, prolonged egg storage increased incubation duration. The preincubation warming profile did not affect the difference in incubation durations between eggs stored for short or long periods of time. Within the same preincubation warming profile, chicks of the 4-d storage time hatched earlier than chicks of the 14-d storage time. Embryonic development was not accelerated or changed by the 24-h preincubation warming profile; embryos had just more time to develop before incubation at 37.8°C began. The internal egg temperature of the 24-h preincubation Least squares means within a column and factor lacking a common superscript differ (P ≤ 0.05). 1 n = number of setter trays that contained 150 eggs at the start of the experiment.
2 Differences between hatchability of fertile eggs and total embryonic mortality are due to candling mistakes and cracked eggs. Least squares means within a column and factor lacking a common superscript differ (P ≤ 0.05).
1
Corrected in the statistical model for fresh egg weight.
2 Navel quality scored with score 1 to 3.
3 Percentage of chicks with navel score 1, 2, or 3 (total percentage per row is 100%).
4
Corrected in the statistical model for yolk-free body mass.
warming profile was above 27°C for 10 h before the preincubation warming of the 4-h preincubation warming profile began. When the internal egg temperature is above 27°C, embryos continue morphological development (Funk and Biellier, 1944) . Consequently, embryos of the 24-h preincubation warming profile were more advanced than embryos of the 4-h preincubation warming profile throughout incubation, which resulted in a shorter incubation duration when preincubation warming was excluded. Because embryonic development of the 24-h preincubation warming profile was advanced throughout incubation, it is surprising that the amnion weight of this preincubation warming profile was lower than the 4-h preincubation warming profile at d 7 of incubation. The reason for this is unknown and may be related to the higher egg weight loss during incubation of the 24-h preincubation warming profile. Egg weight loss during incubation, which included egg weight loss during preincubation warming, was higher for the 24-h preincubation warming profile than for the 4-h preincubation warming profile. This phenomenon appears to be a result of time and temperature. At the beginning of the 24-h preincubation warming profile, eggs of the 4-h preincubation warming profile were in the storage room at 18°C for 20 h, whereas eggs of the 24-h preincubation warming profile were exposed to a linear increase in temperature, which increased egg weight loss (Walsh et al., 1995) . In experiment II, the 24-h preincubation warming profile had a beneficial effect on embryonic mortality during the first 2 d of incubation and on hatchability when storage time was prolonged. However, the preincubation warming profile did not affect embryonic mortality during the first 2 d of incubation and hatchability when storage time was short. In experiment I, this interaction between storage time and preincubation warming profile was not significant. Numerical differences in experiment I suggest that an interaction between storage time and preincubation warming profile for embryonic mortality during the first 9 d of incubation and hatchability seems reasonable. Regarding hatchability, an interaction between storage time and preincubation warming profile was also observed by Proudfoot (1966) . Half of the eggs were prewarmed at 21 to 24°C for 18 h before setting and the other half of the eggs were directly set from the storage room, which operated at 10 to 12°C. Warming eggs before setting increased the hatchability when eggs were stored for more than 14 d. However, warming eggs before setting did not affect the hatchability when eggs were stored for 14 d. The fact that a slow preincubation warming profile had no effect on hatchability when storage time was short is in agreement with findings of Van Schalkwyk et al. (1999) . The interaction between storage time and preincubation warming profile for embryonic mortality during the first 2 d of incubation found in experiment II of the current study suggests that embryos stored for a prolonged time are more sensitive to a nonoptimal preincubation warming profile than em-bryos stored for a short time. During storage, cell death increases (Arora and Kosin, 1968; Bloom et al., 1998) and this may cause a difference in embryo viability between eggs stored for short or long periods of time. We hypothesize that a particular stage of differentiation needs a minimum number of viable embryonic cells to continue embryonic development and growth successfully; otherwise, embryos will develop abnormally or will die within the first days of incubation. Funk and Biellier (1944) suggested that embryos continue morphological development at a temperature above 27°C. Although no morphological development may be recognizable at a temperature below 27°C, Arora and Kosin (1968) showed that mitotic activity in the embryo increased when the temperature increased from 7.2 to 18.3°C. Within the first 10 h of the 24-h preincubation warming profile, the internal egg temperature increased from 17 to 27°C. It is possible that at these temperatures, embryos did not develop morphologically (Funk and Biellier, 1944) but mitotic activity in the embryo increased due to an increase in temperature (Arora and Kosin, 1968) . We hypothesize that due to an increase in the mitotic activity during the first 10 h of the 24-h preincubation warming profile, the embryo is able to compensate for cell death that occurred during storage, which improves embryo viability. Embryos of the 4-h preincubation warming profile had little opportunity to compensate for cell death because the temperature was above 27°C within 1 h of preincubation warming. The inability of the embryo to compensate for cell death before morphological development continued may have increased embryonic mortality during the first 2 d of incubation in experiment II.
The difference in the age of the breeder flock between experiment I and II may have influenced hatchability results and the decrease in hatchability caused by prolonged egg storage. In experiment I, the age of the breeder flock increased from 41 to 50 wk and in experiment II, the age of the breeder flock increased from 28 to 29 wk. Yassin et al. (2008) showed that the average hatchability of set eggs increased to 86% between the ages of 31 and 36 wk and decreased thereafter. Additionally, it was shown that the hatchability of young breeders (25 to 30 wk) was affected more by prolonged egg storage than the hatchability of old breeders (51 to 60 wk). In the current study, the hatchability of young breeders (experiment II) was also more affected by prolonged egg storage than the hatchability of old breeders (experiment I). Because the eggs in experiment II were from a young breeder flock, it might be expected that the embryos were less developed at oviposition (Fasenko et al., 1992) than in experiment I. Less-developed embryos may be more sensitive to prolonged egg storage than more developed embryos (Fasenko et al., 2001; Reijrink et al., 2009 ). The expected difference in sensitivity to prolonged egg storage between experiment I and II may have influenced the interaction between storage time and preincubation warming profile in experiment II and the absence of this interaction in experiment I. However, when storage time was prolonged, differences in embryonic mortality during the first 9 d of incubation were comparable (4.4%) between the 4-and 24-h preincubation warming profile in both experiments. Therefore, it seems more likely that the number of eggs used in experiment I was too low to find a significant interaction. Due to a longer storage time, egg weight loss during storage was higher for eggs stored for 14 d than for eggs stored for 4 d. A change in the RH during storage may have influenced daily egg weight loss as well. However, whether or not the RH changed during storage is unknown because the RH in the storage room was not measured and not controlled. Egg weight loss during storage had only a small effect on total egg weight loss; therefore, we assume that the effect of egg weight loss during storage on hatchability or chick quality is negligible (Meijerhof, 1994) .
In experiment II, fertility decreased when storage time increased. Fertility was determined macroscopically and some embryos that died during storage may have been classified as infertile eggs. Thus, embryonic mortality during the first 2 d of incubation may be underestimated. Tona et al. (2003 Tona et al. ( , 2004 have shown that prolonged egg storage had a negative effect on chick quality in terms of physical parameters on the day of hatch, relative growth during the first 7 d of life, and weekly BW until the slaughter age. The negative effect of prolonged egg storage on chick quality was also observed in both experiments in the current study. In experiment I, yolkfree body mass and chick length decreased when storage time increased. In experiment II, the percentage of second-grade chicks increased when storage time increased. Results from both experiments showed that yolk-free body mass, chick length, and the percentage of second-grade chicks are meaningful indicators of chick quality. Although a slow preincubation warming profile had a beneficial effect on hatchability when storage time was prolonged, it had no beneficial effect on chick quality. The preincubation warming profile had a minor effect on rectal temperatures but did not affect chick quality in terms of yolk-free body mass and chick length.
We conclude from the current study that the preincubation warming profile does not affect hatchability when eggs are stored for a short time. However, a slow preincubation warming profile has a beneficial effect on hatchability when storage time is prolonged due to a reduction in embryonic mortality during the first 2 d of incubation. Although the preincubation warming profile affects embryonic mortality during the first 2 d of incubation of stored eggs, chick quality is not affected.
